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Introduction 1
In the early 2000s, the Brussels-Capital Region installed an extensive teletransmitted limnimeter network providing long time data series in most of the main collectors and bodies of water in Brussels. There are 166 sensors which measure parameters such as rainfall in the Brussels Region, water level, flow velocity, water temperature and a number of water quality parameters (www.flowbru.be) [SBGE, 2014] . The many motivations to install this network included the prevention of flooding, the quantification of the Brussels water budget, the measurement of the volumes of wastewater carried by each collector and the improvement of our understanding of the interactions between the sewer system and the natural hydrographical system. This initiative was also an important step towards compliance with the European Water Framework Directive 2000/60/EC (WFD). The WFD directive requires European Union members to monitor their bodies of water, and aims, among other objectives, to restore the favourable ecological status or ecological potential of the different bodies of water. This can only be accomplished if the interactions between the artificial and natural water system are well understood. The first data were recorded around 2005, and every day new data are produced and archived. Long time data series are therefore available. As part of the Innoviris Anticipate programme, the project entitled "Capitalising on hydrometry data to address Brussels water and wastewater management challenges" aims at analysing the Flowbru database to extract knowledge on hydraulic and hydrological performance in Brussels based on the long time data series.
2
The challenges of Brussels water management are numerous and varied, and include flood mitigation, ever-increasing imperviousness, river pollution control and sewerage management. Like many old European cities, the combined sewer system of Brussels was built more than a century ago, with one main objective: to evacuate the malodorous and foul wastewater produced by the growing city using every waterway available at the time. Thus many small streams were covered and turned into sewage collectors [van Mierlo, 1878 , Alaerts et al., 1980 , Kohlbrenner, 2014 . We are left with the legacy of a system which is not suitable for modern water quality requirements. The artificial and natural water systems are intermixed to the point that even today the limits of the different systems are not yet well known. Therefore, water managers and engineers must gather information in order to improve system efficiency and respect river water quality standards while protecting the city from flooding hazards.
1. Case studies: the New Maelbeek CSO, the Brussels Right collector and the North WWTP 3 The recently built North WWTP has a wastewater treatment capacity of 1.1 million equivalent inhabitants. The wastewater produced in the Brussels North technical watershed ( Figure 1 ) is transported by the sewage system to the treatment plant and is cleaned before being discharged back to the River Zenne. Since its installation in 2007, the water quality of the Zenne has improved greatly [Brion et al., 2015] . However, the frequent spills of untreated wastewater into the river during rainfall events keep hampering the efforts to attain the favourable ecological status as described in the WFD.
4
One of the key nodes in the Brussels sewer system is the combined sewer overflow (CSO) structure of the New Maelbeek collector, located in Rue du Lion in the north of Brussels (Neder-over-Hembeek) . It is by far the most important wastewater overflow structure in Brussels in terms of triggering frequency and overflowed volumes. The wastewater produced in the Maelbeek catchment (Figure 1 ) (Brussels centre, Schaerbeek, Evere, Saint-Josse-ten-Node, Ixelles, Etterbeek, for a total surface of 36 km²) is guided towards the North WWTP through the Brussels Right collector. When it rains, the excess volumes that cannot be accepted in the treatment plant are evacuated by the overflow structure Water management in Brussels: knowledge gained from the long time data series... Brussels Studies , Collection générale towards the River Zenne, the idea being to evacuate as quickly as possible the extra water from Brussels by the river to protect the city from flooding, irrespectively of its pollutant content [Guyaux, 1968 , Verbanck et al., 1994a .
Figure 1
The green area shows the Maelbeek catchment with the New Maelbeek Overflow structure (blue star). The brown lines show the Brussels main collectors and the red line highlights the Brussels Right collector. The blue line represents roughly the limits of the Brussels North technical watershed.
5
This kind of structure is vital in densely populated cities drained by combined sewers, as the amount of impervious surfaces is so considerable [Vanhuysse et al., 2006] that the runoff water cannot be treated fast enough by the WWTP. However, the WFD aims at limiting the frequency of overflow, as it is triggered only by exceptional rainfall. The final decision of the maximum number of CSOs is under the remit of EU member states, and European countries tend to limit the maximum number of CSOs to 20 events per year [Malgrat, 2016] . Table 1 shows that with more than 150 overflow events a year 1 , Brussels is far from this objective.
The impact of this overflow structure on the River Zenne water quality is significant, as the wastewater -besides the fact that it is mixed up with runoff water -is concentrated in easily biodegradable matter that creates oxygen depletion in the river [Le et al. 2014] . This creates anoxic conditions that are damageable for the living animals in the river. Furthermore, metallic pollutants produced by road traffic such as zinc, cadmium or lead, together with polycyclic aromatic hydrocarbons (PAH), are washed off from roads by rainfall and transported by the runoff water in the sewer and then in the river by CSO spills [Petrovic et al., 2012 , Brion et al., 2012 . These pollutants tend to accumulate in the river sediments and are a major impediment to aquatic life development. Therefore, structural work as well as management strategies need to be developed and implemented in order to reduce the frequency and impact of CSO events. The objective of this work is to identify whether extraneous bodies in the sewer system influence the frequency and volumes of storm water overflowed into the River Zenne and what could be gained by limiting these occurrences and their influence. In this study, based on a systematic inspection and analysis of the long time data series available in Flowbru, two influencing factors have been identified: the parasitic clear water infiltration 2 and excessive sewer sediment accumulation.
7
Firstly, a new methodology has been developed to quantify on a day-to-day basis the clear water infiltrated volumes treated by the North WWTP. The consequence of the infiltration on sewer system efficiency is addressed and the possible gain that could be achieved by limiting it is discussed.
8
Secondly, via a simple data consolidation approach, the evolution of the sewer sediment height near the overflow structure is computed. Computational techniques are implemented to increase the temporal span of the data time series, and the dynamics of sediment accumulation is studied.
Parasitic clear water infiltration 9
Parasitic clear water is defined as water devoid of organic and inorganic pollutants that enters the sewer system through wrong connections or broken pipes. There are multiple locations where groundwater and small streams enter the sewer system. There are even places where this is done on purpose so as to keep the water table elevation under control at a certain level. However this additional water can increase the water level in the sewer significantly during dry weather conditions as well as the amount of water that needs to be treated at the WWTP. Therefore, it is important to know the volumes of parasitic clear water infiltration along with its inter-annual and seasonal variations.
10 Several methods to quantify the infiltrated clear water have been developed in the past few decades. Those methods can be based on high-temporal water quality monitoring such as chemical oxygen demand (COD) or water sample analysis to determine the isotopic signature of the different sources of water [Bertrand-Krajewski et al., 2006 , Houhou et al., 2010 , Bareš et al., 2012 . These methods have proven to work well in different locations but can be difficult to implement. They also need considerable input in terms of time and money [Bertrand-Krajewski et al. 2006] . The ever-growing amount of hydrometry data in modern cities represents an opportunity to study the infiltration pattern without a need for complex and costly analytical surveys to be conducted. The present study proposes a method to quantify the parasitic clear water based on a simple
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water quantity budget and an anthropogenic tracer detected at the outlet of the drainage system, namely ammonium nitrogen NH 4 + .
11 For dry weather days, the water that enters the North WWTP is the sum of the wastewater and the infiltrated parasitic clear water. To calculate the amount of wastewater produced every day by Brussels inhabitants we used an anthropogenic tracer, ammonium nitrogen, to represent the presence and activities of Brussels citizens. Ammonium has the advantage of being fairly conservative during the journey in the sewers [Almeida et al., 2000] . This means that ammonium does not degrade and the total amount of ammonium measured at the inlet of the WWTP is the sum of the houses/ activities released in the catchment. We use this anthropogenic tracer to calculate as precisely as possible the maximum wastewater produced in one day in the north of Brussels. Then we compute the daily variation from this maximum with the variation in drinking water consumption volumes. This means that we make the assumption that the volume of wastewater produced every day is directly correlated to the amount of drinking water consumed in the city. The infiltration can therefore be computed with Equation 1.
Equation 1
12 13 Figure 2 shows the results from mid-2008 to mid-2015. We add a trend curve to help visualise the general trend. This is the clear water infiltration for the entire zone treated by the Brussels North WWTP.
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Figure 2. Parasitic clear water infiltration in the Brussels North Watershed from 2008 to 2016
The red squares show the infiltrated volumes computed during dry days, and the blue line shows the general trend.
Figure 3. Comparison of the normalised water level in two collectors subject to different infiltration rates
The red line represents the Molenbeek-Laeken collector and the blue dots, the Broekbeek collector.
16 This type of diagram may also help to assess the impact of sewer renovation programmes in the local catchment. Evaluating the exact benefits from the reduction of parasitic clear water is not an insignificant task, as the effect is hidden by the seasonal and multi-annual variations. By replicating this type of study and obtaining details regarding many collectors, this objective may be pursued. This is particularly important when considering the operational and ecological objectives, which are not always compatible, especially in a context with investment limitations and restrictive European regulations. The positive and negative aspects of limiting parasitic clear water are detailed below.
17 Operational costs that are spent mainly on pumping the water at the inlet of the treatment plant have already been mentioned. A second positive impact would be obtained by directing clean infiltrated water towards the "blue network" (Maillage Bleu) to help restore the quantitative aspect of the hydrographical network in Brussels. For instance, the River Woluwe located in the eastern part of Brussels would gain from higher discharge during low flow periods, making it less vulnerable to pollution spills. Furthermore, clear water increases the water level in the collector during dry weather periods. When the runoff water enters the sewer system during rainfall events, the overflow threshold is reached more easily, and the overflow frequency and associated volumes are therefore increased by this extra clear water. However, the impact of a reduction in infiltration on the CSO frequency would remain limited, as the runoff discharge is significantly greater than the dry weather discharge. A complete abatement of parasitic clear water would decrease the frequency of CSOs every year but would
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certainly not be enough to comply with the maximum number of CSOs permitted each year [de Ville, 2017a] .
18 On the other hand (and this has not been sufficiently reported in the technical literature so far), this extraneous clear water in the drainage system helps maintain a minimal selfcleansing capacity of the sewer [de Ville, 2017b] . For instance, during the nocturnal low flow, clear water helps to keep a minimal flow velocity that carries the sewer sediments and pollutants towards the treatment plant. A significant reduction in the clear water in sewers with low slope rates would decrease the driving force of the flow and reduce the amount of solids transported, thus increasing the sedimentation in the collector. The resulting cost reduction in treatment plant operations would be compensated at least in part by an increase in sewer maintenance costs. A more detailed financial study should be performed to confirm this hypothesis.
19 Finally, it must be underlined that infiltration is allowed to occur in some areas of Brussels -especially in the western part of the urban area -in order to keep the water table low enough (and to avoid having to add excess weight to the conduit structure).
Reducing this component of infiltration is neither realistic nor desirable, as it could lead to an increase in the amount of basement flooding. The optimistic scenario of a complete reduction in clear water is therefore not conceivable. Based on these elements, different strategies should be developed for the different parts of Brussels. The eastern part, for instance, is characterised by steep slopes, and the wastewater flow velocity is therefore naturally fast, which creates a favourable self-cleansing capacity. A strategy to reduce infiltration in this part of the city would therefore have mostly positive impacts. On the contrary, the western parts of Brussels (and the low ground immediately adjacent to the Zenne valley) are characterised by low slopes, and the additional clear water therefore helps to keep the sewer as clean as possible and at the same time keep the water table under control.
Sewer sediment accumulation
1.2.1. Presentation of the methodology 20 The second aspect studied is the accumulation of sewer sediment in the Brussels Right collector and its influence on the CSO frequency. Again, the purpose is to capitalise on the available long time data series in Flowbru. Figure 4 shows the volume measured in the collector upstream from the North WWTP and the volume pumped at the inlet of the WWTP. The two volumes should be similar as there are no major inputs or losses between the two measurement points. We can see that sometimes the two discharges are very close to each other, and sometimes there are small or even big differences. To understand why, we first need to assess the different measuring principles.
21 The water discharges recorded at the inlet of the North WWTP correspond to actual pumped volumes. It is therefore real and relatively precise volumetric information. The discharges computed inside the collector are measured with a limnimeter and a current meter. The discharge is therefore calculated by the combination of the two measurements. However the measurement of the water level is greatly affected by the sediment accumulation under the sensor. For an identical flow rate to be transported, the more deposited sand there is in the collector, the higher the water level will be. Therefore the computed discharge will be overestimated. The discharge provided by Flowbru is computed with the radar current meter information (U radar ) and the water level measured by the limnimeter. This water level is converted into a cross section (S total [m²] ) but to compute the discharge correctly, we need to remove the cross-section area occupied by the sediments (Equation 2). In such a case, Equation 2 provides the correct way to compute the discharge in the collector.
Equation 2
23 With Q computed = calculated discharge with Flowbru sensors (m 3 /s), U radar = measured flow velocity (m/s), S total = cross section measured by the limnimeter and S sed = cross-section area of the sediment layer.
24 If sediments are included in the equation we can write:
Equation 3 25 By combining Equation 2 and Equation 3, we may simply reconstruct the sediment cross section around the sensors (Equation 4). It must be mentioned that Equation 4 is pertinent mainly in the direct vicinity of the sensors and cannot be extrapolated to the entire collector. It provides more of an insight on the dynamics of sediment accumulation rather than serving as a tool for the quantification of sediment volume in the entire collector.
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Equation 4 1.2.2. Neural network modelling 26 The relevance of such an approach becomes greater as the length of the data time series increases. Although it is useful information, a single value of sediment height does not provide insight regarding long-term dynamics. However, a time series of sediment height is much more useful despite the fact that the relevance of the measurement is local (in the vicinity of the sensors). Therefore, in order to maximise the use of the information available in the Flowbru database, a Neural Network (NN) model has been developed to expand the missing data time series for the year 2011. This type of model is fairly simple to implement and can increase the usefulness of large databases such as Flowbru considerably by adding missing data or by modelling variables that are not easily measurable (e.g. flow discharge or flow velocity).
27 The Neural Network model aims to mimic the way the human brain works by creating several layers of multiple neurons. These layers of neurons are trained to react similarly to the studied system. Several inputs are feed-forwarded in the model with an associated target. The model is trained until it is able to find the right target for a given set of inputs [Schmidhuber, 2015] . In this application, we want to model the water level and flow velocity in the Brussels Right collector for the year 2011. Two models have been developed: one for each time series defined as the targets of the models. The inputs we have chosen are water levels measured in the nearby sewer system. Figure 5 shows the three water level time-series selected. The choice was fairly straightforward, as there is a hydraulic link between the four points, and a change in one of the four points would therefore have an impact on the others. As we are in a city, the signal during dry weather flow has a repetitive pattern, which depends on the month, the day and the hour of the day [Butler and Graham, 1995] . These three additional pieces of information are added as input to the model. In total, these are the six inputs selected to model the water level and the flow velocity in the Brussels Right collector.
Water management in Brussels: knowledge gained from the long time data series... Brussels Studies , Collection générale Figure 7 shows the results. The sediment layer computed with the measured water level and flow velocity is shown in blue, while the sediment layer computed with the modelled variables is shown in green. We can see that the Neural Network works well, as the two curves
generally follow the same trend with the same amplitude. Based on this observation, the sediment evolution shown by the model in 2011 seems reliable. . Each year, the same pattern was visible and can be explained by two elements. First, in order for there to be an increase in the sediment layer, sediments need to be available. This corresponds to the structural works that take place each year at the same time in Brussels. Secondly, the sediments are flushed into the sewer system by the intense summer storms. It can be shown that each significant increase in the sediment layer thickness is associated with an intense storm (marked by a significant discharge recorded in the New Maelbeek CSO) (Figure 7 ). The amount of water that enters the sewer causes it to become saturated quickly, the hydraulic grade line flattens considerably and the water velocity decreases to almost zero meters per second. At that time, the collector acts as a huge sedimentation tank and the amount of sediment in the bottom of the collector increases. This is hugely significant because sediments have several impacts on the efficiency of the sewer system. They reduce the space available for the water to flow and increase the flow resistance. The consequence is an increase in the frequency of CSOs at the New Maelbeek overflow structure, with 188 CSOs in 2015 when the sediment layer was approximately 80 cm thick, and only 104 in 2013 (Table 1) despite the fact that there was more rain in 2013 than in 2015 [Statbel, 2016] . What is even more worrying is that CSOs have been recorded recently in dry weather conditions, thus proving that the sewer system is becoming saturated with sediments ( Figure 8 ).
Figure 8. Flowbru screenshot of the water level measured in the Brussels Right collector (blue line) and CSO discharge in the New Maelbeek CSO (black lines)
31 The present methodology has the advantage of providing insight into the long-term evolution, but we must bear in mind that it provides local information which is valid only in the immediate proximity of the sensors. Therefore we organised with Vivaqua a sediment field survey of the sewer starting at the New Maelbeek CSO to the North WWTP. Figure 9 also shows the same survey that was conducted in 1986 in the collector [Verbanck, 1992] .
Water management in Brussels: knowledge gained from the long time data series... Brussels Studies , Collection générale Figure 9 . Comparison of the sewer sediment accumulation profile measured between the New Maelbeek overflow structure and the North WWTP 32 We can see that the amount of sediment present in the collector has increased greatly since the mid-1980s. In terms of volume, the comparison with the end of the 1980s is even more striking. The volume of sediments in the last part of the Brussels main collector is five times greater than it was 25 years ago, with 2500 m³ (compared to 500 m³ in the 1980s). This is due to the fact that sewers are no longer cleaned on a regular basis. Previously, an iron cleaning trolley was moved along the collector to flush sediments down to the treatment plant. However the use of the cleaning trolley has been discontinued for several years, but it is still visible 700 metres downstream from the New Maelbeek CSO (rue du Lion).
33 This accumulation of sediments is a major concern with respect to the efficiency of the sewage system, as it is known that sediment accumulation represents an increase in the flow roughness and decreases the hydraulic conveyance of the drainage network. The frequency of CSOs and associated volumes are therefore increased significantly by the accumulation of sediments. Sediments also create an environment suitable for corrosive and dangerous gas production, which accelerates the degradation of the sewer and increases the occupational hazards for sewer maintenance crew. Finally, it is known that over time, sediments tend to consolidate due to biological, physical and chemical processes, thus making its removal more and more challenging [Ashley et al., 2004] . A semi-distributed hydrological model developed in EPA SWMM shows that the overflowed volumes could be reduced by about 50 % in a perfectly clean sewer system [de Ville, 2017a] . This reduction estimate must be interpreted with some caution, as modelling results are influenced by many uncertainties. Nevertheless, the reduction of CSO frequency is expected to be significant with a clean sewer.
Conclusions 34
In the early 2000s, Brussels installed an extensive teletransmitted limnimeter network ( www.flowbru.be) that provides long time data series in many Brussels collectors. Water level, flow velocities, temperature, rainfall and even some water quality data are now available on a real-time basis. This extensive network was installed by the Société Bruxelloise de Gestion de l'Eau (SBGE) with the objective of increasing our understanding of hydraulic performance in Brussels and the connections that exist between the different bodies of water. Nowadays, extensive long time data series are available and provide a unique opportunity to study the long-term evolution of the Brussels sewer system.
35 This work focused on one of the most challenging nodes of the Brussels sewer system with respect to the protection of the River Zenne, namely the overflow structure of the New Maelbeek collector located in rue du Lion, which is the biggest CSO infrastructure in Brussels. The purpose of this combined sewer overflow (CSO) is to evacuate the excess water that cannot be treated by the North WWTP during rainfall/runoff events into the River Zenne. This CSO is an essential structure required to protect the centre of Brussels from flooding. However, the European Water Framework Directive of 2000 insists on the fact that such structures should only be triggered during intense rainfall events.
Although the maximum number of overflow events allowed each year is determined by the EU Member States and a number has not yet been decided on for Brussels, the limits chosen by neighbour countries never exceed 20 overflows per year. Nowadays, the structure is used approximately 150 times per year and even operates during dry weather flow due to sediment accumulation and poor maintenance. The consequence of these frequent overflow events is that the water quality of the River Zenne is greatly affected, limiting the possibility for the development of significant aquatic life. Furthermore, pollutants tend to accumulate in the river sediment thus increasing the impact of wastewater overflow in the long term. The recently built WWTPs have improved the water quality of the River Zenne considerably, but as long as there are so many CSOs each year, the river will remain polluted and water quality standards will not be complied with easily.
36 The present work is aimed at identifying the extraneous elements present in the Brussels sewer system and at studying the possible impact they have on the frequency of CSOs and the associated overflow volumes. Two elements have been studied in detail, namely parasitic clear water infiltration and sewer sediment accumulation. 37 We developed a simple method based on a water budget and an anthropogenic tracerammonium nitrogen -to quantify day-by-day the infiltrated volumes in the drainage area served by Brussels North WWTP. Results show that infiltration is three times greater in winter (with approximately 120 000 m³/day) than in summer. By comparing the different years beginning in 2008 until the middle of 2015, we show that there was a small decrease in the amount of infiltration in the north technical watershed each year. This could be due to the recent repair works and drainage system disconnections.
38 Nevertheless, one has to be aware that a significant reduction in clear water would have both positive and negative impacts. Beside a possible reduction in the WWTP operational costs, the transfer of the extraneous water to the natural "blue network" would help restore quantitatively precarious bodies of water such as the Zenne and the Woluwe. One of the strategies for reducing the impact of pollution spills is to increase the flow of Water management in Brussels: knowledge gained from the long time data series...
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rivers. It is known, however, that infiltrated clear water also helps to enhance the selfcleansing capacity of sewers. This means that a reduction in infiltration will probably lead to more intense sewer deposit accumulation, and that some of the operational cost savings would be counterbalanced at least in part by an increase in the frequency of sewer cleaning requirements. In conclusion, we show that the yearly pattern of infiltration can be identified in the baseline evolution of sewer limnimetric data series during dry days, thus providing an easy way to spot individual sewers that are strongly subject to infiltration. The monitoring of parasitic clear water infiltration with Flowbru will help to adapt the sewer renovation/transformation programmes to the local environmental and operational objectives and the optimum proportion of parasitic water in the different sewers.
39 The second element studied is the accumulation of sewer sediments in the Brussels Right collector from 2011 to 2016. The methodology developed in this paper is based on a comparison of the discharge measured according to two different measuring principles. The first one is the volume pumped at the inlet of the WWTP and is not influenced by the thickness of the sediment layer. The second one is calculated using the water level and the flow velocity information measured inside the collector, and is strongly affected by sediment deposits. Of course, the more sediment there is, the higher the water level will be, and the calculated discharge is therefore overestimated. By comparing the two discharges, we can easily compute the sediment layer thickness in the vicinity of the sensors. Data have been recorded since the beginning of 2012. However, with the idea of capitalising on the data available in the Flowbru database and extending the length of the time series available, we have developed a Neural Network model to reconstruct the missing data from 2011. Using the water levels measured in different locations that are hydraulically connected to the Right Collector, we were able to build a precise model that computes the water level and flow velocity in 2011 in the Brussels Right Collector. These new computed data were used to implement the methodology for determining the thickness of the sediment layer. Results show an increase in the sediment layer thickness since 2014 that has never been observed before. While the sediment layer remained at approximately 40 cm thick most of the time, in June 2014 it increased significantly up to 80 cm due to a succession of intense storms. This information has a local relevance and is difficult to extrapolate to the entire Right collector, which is why we organised a field survey with Vivaqua covering 3 km of the collector between the New Maelbeek CSO and the North WWTP. While validating the height of the computed sediments, the survey also shows that the volume of sediment present in the collector is approximately 2500 m³, which is five times greater than it was in the mid-80s.
40 This is a major source of concern given that sediment accumulation represents an increase in flow roughness and a decrease in the available space for the water to flow. The frequency of CSOs and associated volumes are therefore significantly increased, and some overflows have been documented recently in dry weather flow conditions. This is a clear indication that the sewer system in that part of Brussels is totally saturated with sediment deposits. Therefore, a new strategy for cleaning the sewer needs to be developed quickly in order to avoid a complete clogging of the main sewer of Brussels.
relevance of the Flowbru database will only increase over time as the evolution of the performance of the hydrographic system performance in Brussels will be documented and the impact of present and future management policies will be quantifiable. 
NOTES
1.
One CSO event is defined in this work as a discharge recorded in the New Maelbeek CSO that lasts at least 10 minutes (two measures) and is preceded and followed by three hours of dry weather conditions (no overflow measured).
2.
In this study, infiltration includes all of the sources of parasitic clear water that enter the sewer system. This includes, among other sources, groundwater infiltration and stream inflow (e.g. the Molenbeek stream).
ABSTRACTS
The long time data series provided by the Flowbru regional hydrometric network ( www.flowbru.be) represents a new opportunity to gain knowledge on the hydrographical system in Brussels. With a combination of data mining analysis, data consolidation, models and in-depth data interpretation, new insights on sewer system performance are obtained. 
